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Abstract 

To  evaluate  the  effect  NH3  and  NO*  have  on  the  performance  of  molten  carbonate  fuel  cells  (MCFCs),  bench-scale  cell  tests  and  half-cell 
experiments  have  been  performed  with  fuel  gas  containing  NH3,  or  with  oxidant  gases  containing  NO*.  Most  of  the  added  NF13  is 
discharged  from  the  anode,  and  does  not  affect  the  cell  voltage.  The  NO*  does  harm  to  the  cell  voltage  during  earlier  operating  stages,  but 
the  harm  tends  to  decrease  with  increasing  operating  time.  The  main  cause  for  the  cell  voltage  drop  is  the  increase  of  internal  resistance.  As 
a  result  of  the  analyses  regarding  the  electrolyte  composition  in  the  operated  cells,  the  gas  composition  and  the  cyclic  voltammograms,  the 
behavior  of  NO*  in  the  cell  is  found  to  be  as  follows:  NO*  reacts  with  the  carbonate  and  dissolves  in  the  electrolyte  to  make  NOz  and 
N03_.  These  ions  react  with  the  hydrogen  in  the  fuel  gas  and  lead  to  the  production  of  N2  and  a  small  amount  of  NF13.  Consequently,  NO© 
and  N03_  are  not  accumulated  in  the  electrolyte,  and  the  effect  of  NO*  on  the  cell  life  expectancy  is  slight.  ©  2002  Elsevier  Science  B.V. 
All  rights  reserved. 
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1.  Introduction 

Coal  gas,  which  is  expected  to  serve  as  the  primary  fuel 
for  MCFCs,  contains  many  contaminants  such  as  H2S,  HC1, 
HF  and  NH3.  NH3  is  one  of  these  contaminants.  The  amount 
of  NH3  produced  is  influenced  by  the  ingredients  of  coal  and 
the  gasification  process  employed.  Generally,  the  MCFC 
power  plant  is  equipped  with  a  C02  recycling  system,  which 
completely  converts  the  CO  discharged  from  the  anode  as 
C02  during  a  catalytic  burning  process  and  supplies  the 
cathode  with  C02  [1].  NO*  is  also  generated  from  NH3 
during  the  catalytic  burning  process  and  is  used  to  supply  the 
cathode.  Fig.  1  shows  the  diagram  of  the  gas  cycle  in 
MCFCs.  For  example,  if  the  concentration  of  NH3  in  the 
anode  outlet  gas  is  approximately  250  ppm,  the  concentra¬ 
tion  of  NO*  in  the  oxidant  gas  is  calculated  to  be  approxi¬ 
mately  20-50  ppm.  Therefore,  it  is  necessary  to  clarify  the 
acceptable  NO*  concentration  and  determine  the  acceptable 
NH3  concentration  in  each  power  generation  system.  In  this 
study,  we  have  discussed  the  effect  NH3  and  NO*  have  on  the 
performance  of  MCFCs  and  the  behavior  of  NO*  in  half-cell 
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experiments  and  bench-scale  cell  tests  with  the  oxidant  gas 
containing  different  levels  of  NO*. 

2.  Experiments 

2.1.  Bench-scale  cell  tests 

Cell  performance  data  has  been  obtained  by  using  bench- 
scale  cells  with  allO  cm2  effective  electrode  area  manu¬ 
factured  by  Ishikawajima-Harima  Heavy  Industries  Co., 
Ltd.  The  cathodes  are  made  of  lithiated  NiO,  and  the 
matrices,  which  are  made  of  LiA102,  support  a  mixture 
of  lithium  carbonate  and  potassium  carbonate  (Li/K  =  70/ 
30  mol%  (m/o)),  which  is  used  as  the  electrolyte.  The 
anodes  are  Ni-based  alloys.  The  basic  operating  conditions 
are:  temperature  923  K,  pressure  2.94  atm  and  current  den¬ 
sity  150  mA  cm'2.  For  the  test,  during  which  NH3  is  added 
to  the  fuel,  gas  cylinders  containing  H2  and  NH3  (3000  ppm) 
are  prepared,  and  the  flow  rates  of  the  main  gas  (H2/C02/ 
H20)  and  sub-gas  (H2/NH3)  are  regulated  for  a  target 
concentration  of  NH3.  Whereas  for  the  test,  during  which 
NO*  is  added  to  the  oxidant  gas,  we  prepared  gas  cylinders 
containing  N2  and  NO  (900  ppm).  The  flow  rates  of  the  main 
gas  (N2/C02/02)  and  sub-gas  (N2/NO)  are  regulated  for  a 
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target  concentration  of  NO*.  A  part  of  the  added  NO  reacts 
with  the  O2  to  form  NO2.  The  concentration  of  NO*  in  the 
inlet  and  outlet  gases  is  analyzed  by  using  gas  analyzers 
manufactured  by  Horiba  Co.,  Ltd. 

In  general,  the  performance  of  a  MCFC  can  be  expressed 
by  the  following  equation: 

V  =  E-  -  (Rk  +  Rrc)  x  J  (1) 

where  V  (V)  is  the  actual  cell  voltage,  E  (V)  the  equilibrium 
voltage  (open-circuit  voltage),  i]ne  (V)  the  Nernst  loss,  Riv 
(Q  cm2)  is  the  internal  resistance,  RK  (Q  cm2)  the  reaction 
resistance,  and  J  (A  cm-2)  is  the  current  density.  The  actual 
cell  voltage,  the  equilibrium  voltage  and  the  internal  resis¬ 
tance  are  measured,  whereas,  the  Nernst  loss  and  the  reac¬ 
tion  resistance  are  estimated  by  using  the  Morita  equation 
[2]. 


d  e  b  c 


Fig.  2.  Schematic  diagram  of  experimental  cell:  (a)  A1203  crucible;  (b) 
working  electrode;  (c)  reference  electrode;  (d)  counter  electrode;  (e) 
thermocouple;  (f)  electrolyte;  (g)  A1203  tube. 


2.2.  Cyclic  voltammetry 

To  investigate  the  state  of  the  nitrogen  oxides  in  the 
electrolyte,  half-cell  experiments  are  performed.  Fig.  2 
shows  the  schematic  diagram  of  the  experimental  cell. 
The  chamber  containing  the  cell  is  especially  designed 
for  controlling  the  atmosphere.  The  working  electrode  is 
a  gold  plate  (0  5  mm,  t  =  0.1  mm),  the  counter  electrode  a 
gold-ringed  wire.  The  potentials  refer  to  a  Au  (02/ 
CO2  =  33/67%)  reference  electrode.  A  mixture  of  lithium 
carbonate  and  potassium  carbonate  (Li/K  =  62/38  mol% 
(m/o))  is  used  as  the  electrolyte.  The  supplied  gases  are 
mixtures  of  N2,  CO2  and  02.  For  the  test  with  NO*,  gas 
cylinders  containing  N2  and  NO  (900  ppm)  are  prepared, 
and  the  flow  rates  of  the  main  gas  (N2/C02/02)  and  sub-gas 
(N2/NO)  are  regulated  for  a  target  concentration  of  NO*. 

3.  Results  and  discussions 

3.1.  Effect  of  NH 3  on  the  cell  performance 

Fig.  3  shows  the  changes  in  cell  voltage,  IR-free  voltage 
and  internal  resistance  by  using  a  single  cell  operated  at 
150  mA  cm~2  and  923  K  with  NH3  (500  ppm)  contained 
within  the  fuel  gas.  The  period  during  which  NH3  is  added  is 
between  351  and  1531  h.  The  following  has  been  deter¬ 
mined:  the  cell  voltage  does  not  change  due  to  the  addition 
of  NH3.  As  a  result  of  the  anode  gas  analysis,  the  concen¬ 
tration  of  NH3  in  the  outlet  gas  is  almost  equal  to  that  in  the 
inlet  gas  from  early  stages  of  the  addition.  Therefore,  we  can 
establish  that  NFI3  hardly  dissolves  in  the  electrolyte  and 
does  not  react  with  the  carbonate.  Hence,  approximately 
500  ppm  NH3  is  harmless  to  the  cell  performance. 

3.2.  Effect  of  NO  *  on  the  cell  performance 

Fig.  4  shows  the  changes  in  cell  voltage,  IR-free  voltage 
and  internal  resistance  in  a  single  cell  operated  at 
150  mA  cm~2  and  923  K  with  NO*  (50  ppm)  contained  in 
the  oxidant  gas.  NO*  is  added  during  two  periods,  namely 
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Fig.  3.  Changes  of  cell  voltage,  IR-free  voltage  and  internal  resistance  in  a 
single  cell  operated  at  150  mA  cm~2  and  923  K  with  NH<  impurity  in  the 
oxidant  gas.  Oxidant  gas  composition:  N2/02/C02  =  55/15/30;  t/ox,  40%. 
Fuel  gas  composition:  H2/C02/FI20  =  64/16/20;  fuel  utilization,  60%; 
pressure,  2.94  atm. 


between  500  and  1462  h  and  between  1849  and  4173  h.  The 
total  time  of  added  NO*  results  to  3300  h.  It  has  been  found 
that  the  cell  performance  drops  due  to  the  NO*  addition. 
During  both  periods,  the  cell  voltage  degradation  rate  is 
greater  during  the  early  stages,  but  shows  a  tendency  to 
decrease  with  increasing  operating  time.  Between  the  first 
and  the  second  period,  the  internal  resistance  reduces  with 
operating  time,  and  the  cell  performance  recovers.  Since  the 
changes  in  the  IR-free  voltage  are  very  small  during  opera¬ 
tion,  the  increase  in  internal  resistance  is  responsible  for  the 
cell  voltage  loss.  The  increase  in  internal  resistance  is 
believed  to  be  due  to  the  low  conductive  product,  which 
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Fig.  4.  Changes  of  cell  voltage,  IR-free  voltage  and  internal  resistance  in  a 
single  cell  operated  at  150  mA  cm~2  and  923  K  with  NO,  impurity  in  the 
oxidant  gas.  Oxidant  gas  composition:  N2/02/C02  =  55/15/30;  t/ox,  40%. 
Fuel  gas  composition:  H2/C02/FI20  —  64/16/20;  fuel  utilization,  60%; 
pressure,  2.94  atm. 


Fig.  5.  Cell  voltage  changes  according  to  various  NO,  levels  at 
150  mA  cm~2.  The  operating  conditions  correspond  with  Fig.  4. 


is  created  in  the  reaction  of  NO*  and  the  cell  components. 
This  low  conductive  product  has  a  certain  saturation  point 
and  disintegrates  in  clean  gas  conditions.  Because  nitrate 
and  nitrite  ions,  which  dissolve  in  the  electrolyte,  have  a 
higher  conductivity  than  carbonate  ions,  the  product  can  be 
found  in  the  corrosion  layer  in  the  current  collector. 

Moreover,  in  the  test  with  20  ppm  NO*,  the  main  cause  for 
the  cell  voltage  loss  is  also  the  increase  in  internal  resistance. 
Fig.  5  shows  the  cell  voltage  changes  with  20  and  50  ppm 
NO*  and  without  NO*.  The  cell  voltage  degradation  rate  is 
larger  in  the  early  adding  stages,  but  the  increase  rate  of  the 
internal  resistance  diminishes  with  increasing  operating 
time.  Furthermore,  the  cell  performance  with  20  ppm  NO* 
is  almost  equal  to  that  without  NO*  after  2000  h. 

3.3.  Behavior  of  nitride  compounds  in  the  cell 

To  explain  the  pattern  of  the  cell  voltage  decline,  we 
would  like  to  discuss  the  state  of  nitride  compounds  in  the 
electrolyte,  the  removal  ratio  of  NO*  and  the  behavior  of 
nitride  compounds  in  the  cell. 

3.4.  State  of  nitride  compounds  in  the  electrolyte 

It  has  been  reported  that  N02  is  absorbed  by  molten  alkali 
carbonate  to  form  nitrites  and  nitrates  according  to  the 
following  reaction  [3]: 

M2C03  +  2N02  ->  MN02  +  MN03  +  C02  (2) 

where  M  is  the  alkali  metal. 

The  relation  between  N02_  and  NO  ,'  in  correspondence 
with  the  molten  alkali  nitrate  and  nitrite  has  been  discussed 
by  many  scientists  [4-9].  Nitrite  is  formed  by  the  thermal 
decomposition  equilibrium  [4,5]: 

no3  <— >  N02  +  |o2 


(3) 
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Potential  /  V  vs  (1 :2  02/C02)/Au 

Fig.  6.  Cyclic  voltammograms  for  Au  electrode  in  Li2C03-K2C03 
eutectic  melt  at  923  K.  scan  rate  0.2  V  s  1 .  The  gas  composition  is  55% 
nitrogen,  15%  oxygen  and  30%  carbon  dioxide. 


Furthermore,  the  relation  between  NO3  and  NO?  depends 
on  the  super  oxide  and  power  oxide  ions,  which  are  formed 


during  the  following  reactions  [6-8]: 

NO3-  +  O2-  <-►  NO?-  +  O?2- 

(4) 

2N03-  +  022-  —  2N02"  +  20? - 

(5) 

Similarly,  the  same  reactions  can  be  seen  regarding  the 
molten  alkali  carbonate. 

The  state  of  nitrogen  oxides  in  the  electrolyte  has  been 
investigated  by  applying  the  cyclic  voltammogrammetry. 
Fig.  6  presents  the  cyclic  voltammograms  after  the  addition 
of  NO*  (275  ppm  into  the  gas),  KNO?  (1 .6  x  10-5  mol  cm-3 
into  the  electrolyte),  and  KNO3  (1.0  x  1 0  3  mol  cm  3  into 
the  electrolyte).  The  cyclic  voltammograms  of  the  KN02 
and  KNO3  additions  are  measured  1  h  after  the  addition, 
whereas  the  cyclic  voltammogram  of  NO*  is  measured  91  h 
after  adding  NO*.  Two  cathodic  peaks  (ipcl,  ipc2)  and  one 
anodic  peak  (ipal)  are  observed  at  —0.4,  —1.2  and  —0.2  V  in 
all  voltammograms.  The  peak  currents  depend  on  the  addi¬ 
tives  and  change  with  time.  Fig.  7  shows  the  change  in  peak 
current  ratios  0pc|/ipc2)  according  to  time  after  the  addition 
of  NO*,  KN02  and  KNO3.  Regarding  the  addition  of  KN02 
and  KNO3,  the  peak  current  ratio  0pci/jpc2)  moves  close  to 
0.3  with  increasing  time.  On  the  other  hand,  regarding  the 
addition  of  NO*,  the  peak  current  ratio  is  stable  at  approxi¬ 
mately  0.26.  However,  once  the  addition  of  NO*  is  stopped, 
the  ratio  changes  towards  0.3. 

In  summary,  one  can  say  that  NO*  reacts  with  the  carbo¬ 
nate,  and  it  is  therefore,  able  to  dissolve  in  the  electrolyte 
as  N02-  and  NO?  7  The  ;pc2  is  related  to  the  reduction  of 
NO?-,  because  ;pc2  is  larger  after  the  addition  of  KN02. 
Moreover,  NO?-  changes  into  NO3-  with  time. 

On  the  other  hand,  ipcl  is  related  to  the  reduction  of 
N03-,  because  ;pcl  is  larger  after  the  addition  of  KNO3. 


Time  /  h 

Fig.  7.  Change  in  ratio  of  two  peak  current  0pci//pc2)  with  time  after  an 
addition  of  NO*  (275  ppm  in  the  gas  as  in  Fig.  6),  KN02 
(1.6  X  1CT5  mol  crrT3  in  the  electrolyte),  or  KNO3  (1.0  X  10-5  mol  cm~3 
in  the  electrolyte). 

Furthermore,  NO3-  decomposes  to  N02-  with  time  accord¬ 
ing  to  the  reactions  (3)— (5).  The  concentration  of  NO3-  and 
NO?-  reaches  an  equilibrium. 

The  reduction  of  NO3-  and  NO?-  in  the  LiCl-KCl 
eutectic  is  reported  by  Goto  et  al.  [10]: 


NO?-  +  2e-  - 

-+  NO?-  +  O2 

(6) 

N02-  +  2e-  - 

->  NO-  +  O2- 

(7) 

It  is  known  that  the  concentrations  of  O2-,  O?-  and  O?2-  in 
the  Li/K  carbonate  are  higher  than  those  in  the  LiCl-KCl 
eutectic.  Therefore,  the  reduction  of  NO?-  and  N02-  in  the 
Li/K  carbonate  is  not  only  related  to  O2-,  but  also  to  O?-  and 
O?2-  according  to  the  following  reactions: 


2N03-  +  e- 

- >  2N02  O2 

(8) 

N03-  +  e-  - 

->  NO?-  +  2022- 

(9) 

2N07  +  e-  - 

— >  2NO-  +  OT 

(10) 

NOT  +  e-  — 

♦  NO-  +  yO?- 

(ID 

3.5.  Behavior  of  NOx  in  MCFCs 

We  have  analyzed  the  anode  and  cathode  outlet  gases  in 
the  test  shown  in  Fig.  4.  The  concentration  of  NO*  in  the 
cathode  outlet  gas  is  stable  at  approximately  35%  of  the 
added  NO*.  A  small  amount  of  NH?,  which  is  approximately 
1-3%  of  the  added  NO*,  is  detected.  However,  other  nitro¬ 
gen  compounds,  which  would  be  N?0,  NO  or  N02,  are  not 
detected.  The  content  of  nitrogen  compounds  in  the  electro¬ 
lyte,  which  is  measured  in  all  cells  after  completing  the  tests, 
is  only  0. 1-0.3%  of  the  added  NO*.  Furthermore,  we  can 
confirm  that  NO3-  and  NO?-  does  not  decompose  imme¬ 
diately  during  the  cooling  process  in  the  half-cell  experi¬ 
ment.  Therefore,  nitrogen  compounds  do  not  accumulate  in 
the  electrolyte. 
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Table  1 


Balance  of  nitrogen  compounds  in  a  single  cell  operated  according  to 
conditions  in  Fig.  4  and  a  simulated  cella 


Single  cell 

(%) 

Simulated  cell 

(%) 

NO,  at  the  inlet 

100 

100 

NO,  at  the  outlet 

32 

92 

(cathode  for  the  single  cell) 

NH3  in  anode  exhaust 

1 

- 

N02-  and  N03-  accumulated 

0.2 

8 

in  electrolyte 

Not  detected 

67 

- 

a  The  simulated  cell  consists  of  the  same  electrolyte  plate 
(carbonated  +  LiAlC>2,  without  electrodes)  as  in  the  single  cell,  and  it  is 
exposed  to  a  gas  mixture  (N2/O2/CO2  =  55/15/30,  NO*  =  50  ppm, 
1027  ml  min-1). 


To  confirm  the  effect  the  anode  has  on  the  mass  balance  of 
nitrogen  compounds,  we  have  investigated  the  solubility  of 
NO,  in  the  molten  carbonate  under  cathode  gas  conditions 
by  using  a  simulated  cell.  The  simulated  cell  consists  of  the 
same  electrolyte  plate  (carbonated  +  LiA102,  without  elec¬ 
trodes)  as  the  single  cell,  and  it  is  exposed  to  the  gas  mixture 
N2/O2/CO2  =  55/15/30  and  NO,  =  50  ppm.  The  flow  rate 
of  the  oxidant  gas  is  equivalent  to  that  in  the  single  cell  test 
shown  in  Fig.  4.  The  gas  analysis  shows  that  the  amount  of 
NO,  in  the  outlet  gas  is  approximately  92%  of  the  added  NO, 
2  h  after  the  addition.  Hence,  only  8%  of  the  added  NO,  is 
absorbed  by  the  carbonate.  This  result  is  different  from  that 
of  the  single  cell  test,  as  listed  in  Table  1 .  North  American 
Rockwell  Co.  has  reported  that  the  absorption  ratio  of  NO* 
in  alkali  carbonates  is  over  50%  in  gas  conditions  without 
CO2,  but  that  the  absorption  rate  is  under  15%  in  gas 
conditions  with  C02  [11].  This  result  corresponds  with 
the  result  of  the  simulated  cell  test.  Therefore,  the  contin¬ 
uous  and  high  removal  ratio  of  NO,  in  the  single  cell 
depends  on  the  anode.  The  general  belief  is  that  N02- 
and  NO,  are  not  accumulated  in  the  electrolyte  and  that 
they  change  into  nitrogen  at  the  anode  where  they  are 
continuously  exhausted. 

3.6.  Removal  ratio  of  NO x 

3.6.1.  Effects  of  oxidant  gas  composition 

While  the  experimental  conditions  of  the  fuel  gas  and  the 
flow  rate  of  the  oxidant  gas  are  stable,  the  concentration  of 
NO,  in  the  cathode  outlet  gas  is  measured  at  various  oxidant 
gas  compositions.  Fig.  8  presents  the  effect  the  oxidant  gas 
composition  has  on  the  NO,  removal  ratio.  The  removal 
ratio  of  NO,  is  defined  as 
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Fig.  8.  Effect  of  oxidant  gas  composition  on  removal  ratio  of  NO*. 
Oxidant  gas  flow  rate,  1046  ml  min-  ;  concentration  of  NO*,  50  ppm.  Fuel 
gas  composition:  H2/CO2/H2O  =  64/16/20;  fuel  utilization  at 
150  mA  cm-  ,  60%;  temperature,  923  K;  pressure,  2.94  atm. 
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the  O2/CO2  ratio  proves  that  the  dissolution  of  NO,  in  the 
electrolyte  is  related  to  the  following  reactions: 

2NO  +  3  02  +  M2C03  -►  2MN03  +  C02  (M  =  Li,  K) 

(13) 

2NO  +  i  02  +  M2CO3  —  2MN02  +  C02  (M  =  Li,  K) 

(14) 

2N02  +  i  02  +  M2C03  ->  2MN03  +  C02  (M  =  Li,  K) 

(15) 


3.6.2.  Effects  of  the  fuel  gas  composition 

While  the  experimental  conditions  of  the  oxidant  gas  are 
stable,  the  concentration  of  NO,  in  the  cathode  outlet  gas  is 
measured  at  various  fuel  gas  compositions.  Fig.  9  shows  the 
effect  the  fuel  gas  composition  has  on  the  NO,  removal  ratio. 
We  have  been  able  to  detect  an  improvement  in  the  NO, 
removal  ratio  at  a  higher  H2  concentration.  As  mentioned 
above,  a  small  amount  of  NH3  is  contained  in  the  anode 
outlet  gas,  whereas,  other  nitrogen  compounds  are  not 
contained  in  the  mentioned  gas.  Therefore,  it  is  assumed 
that  most  of  the  N02_  and  N02~  reacts  with  the  H2  to  form 
N2  according  to  the  following  reactions: 


2N03“  +  6H2  - 

->  N2  +  6H20  +  2e~ 

(16) 

2NOW  +  4H2  - 

-»  N2  +  4H20  +  2e~ 

(17) 

2N03-  +  5H2  - 

->  N2  +  4H20  +  20H 

(18) 

flow  rate  of  oxidant  outlet  gas  x  NO,  concentration  in  oxidant  outlet  gas 

removal  ratio  of  NO,  =  1 - (12) 

flow  rate  of  oxidant  inlet  gas  x  NO,  concentration  in  oxidant  inlet  gas 


We  have  been  able  to  determine  an  improvement  in  the  NO, 

removal  ratio  at  a  higher  O2/CO2  ratio.  This  dependence  of  2N02  +  3H2  — 1  N2  +  2H20  +  20H 


(19) 
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Fig.  9.  Effect  of  H,  concentration  in  fuel  gas  on  removal  ratio  of  NO*. 
Oxidant  gas  composition:  N2/O2/CO2  =  55/15/30;  concentration  of  NO*, 
50  ppm;  fuel  utilization  at  150  m  A  cm  ,  60%;  temperature,  923  K; 
pressure,  2.94  atm. 


3.6.3.  Effects  of  the  fuel  and  oxidant  gas  flow  rate 

Fig.  10  shows  the  effect  the  oxidant  gas  flow  rate  has  on 
the  removal  ratio  of  NO*.  The  amount  of  NO*  and  NO  in  the 
cathode  outlet  gas  is  proportional  to  the  amount  of  added 
NO*.  The  following  relations  express  this  phenomenon. 

Exhausted  NO*  =  0.60  x  (added  NO*)  —  2.3 
x  10-7  (mol  min-1) 

Exhausted  NO  =  0.36  x  (added  NO*) 

—  1.3  x  10-7  (mol  min-1) 

The  removal  ratio  of  NO*  moves  close  to  40%  as  the  oxidant 
gas  flow  rate  increases.  Therefore,  the  dissolution  of  NO*  in 
the  electrolyte  corresponds  with  Henry’s  law. 


NOx  content  in  inlet  oxidant  gas  (xIO'7  mol  min'1) 
0  5  10  15  20 


Oxidant  gas  flow  rate  /  ml  min'1 

Fig.  10.  Effect  of  oxidant  gas  flow  rate  on  removal  ratio  of  NO*.  Oxidant 
gas  composition:  N2/02/C02  =  55/15/30;  concentration  of  NO*,  20  ppm. 
Fuel  gas  composition:  H2/C02/H20  =  64/16/20;  fuel  gas  flow  rate, 
327  ml  min-1;  current  density,  150  mA  cm-2;  fuel  utilization,  60%; 
temperature,  923  K;  pressure,  2.94  atm. 
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Fig.  11.  Effect  of  fuel  gas  flow  rate  on  removal  ratio  of  NO*.  Oxidant  gas 
composition:  N2/02/C02  =  55/15/30;  concentration  of  NO*,  50  ppm; 
oxidant  gas  flow  rate,  1 046  ml  min  1 .  Fuel  gas  composition:  H2/C02/ 
H2O  =  64/16/20;  temperature,  923  K;  pressure,  2.94  atm. 

Fig.  11  expresses  the  effect  the  fuel  gas  flow  rate  has  on 
the  removal  ratio  of  NO*,  which  is  independent  of  the  fuel 
gas  flow  rate.  Hence,  some  of  the  reactions,  which  refer  to 
the  reactions  (16)— (19),  take  place  very  quickly. 

3.6.4.  Effect  of  the  current  density 

Fig.  12  presents  the  effect  the  current  density  has  on  the 
removal  ratio  of  NO*.  If  we  consider  the  change  of  the 
cathode  outlet  gas  flow  rate  and  the  gas  composition  accord¬ 
ing  to  the  current  density,  the  effect  of  the  current  density  is 
negligible  compared  to  the  effect  other  factors  have  on  the 
removal  ratio.  Therefore,  it  is  almost  definite  that  NO2-  or 
NO  ,  react  with  H2  according  to  the  reactions  (18)  and  (19). 

We  have  come  to  a  conclusion  regarding  the  behavior  of 
NO*  in  the  cell,  which  can  be  seen  in  Fig.  13.  First  of  all,  at 
the  cathode,  NO*  reacts  with  the  carbonate  and  dissolves  into 
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Fig.  12.  Effect  of  current  density  on  removal  ratio  of  NO*.  Oxidant  gas 
composition:  N2/02/C02  =  55/15/30;  concentration  of  NO*,  20  ppm.  Fuel 
gas  composition:  H2/C02/H20  =  64/16/20;  oxidant  gas  flow  rate, 
1046  ml  min-1;  fuel  gas  flow  rate,  327  ml  min-1;  temperature,  923  K; 
pressure,  2.94  atm. 
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Fig.  13.  Behavior  of  N0t  in  MCFC. 

NOW  and  NO3-  in  the  electrolyte.  Secondly,  at  the  anode, 
N02  and  NO3-  react  with  H2  and  change  into  N2  and  a 
small  amount  of  NH3.  Finally,  N2  and  NH3  are  discharged 
from  the  anode  outlet  so  that  nitrogen  compounds  do  not 
accumulate  in  the  cell.  The  generation  of  substances,  which 
cause  the  increase  in  internal  resistance,  is  slow,  and  the  cell 
performance  does  not  drop  by  adding  NO,.  Furthermore,  this 
result  shows  that  NOv  is  purified  and  changed  into  N2,  and 
that  structures  like  MCFCs  have  the  function  of  removing 
NOY  from  the  oxidant  gas. 


and  NO  ,  react  with  H2  and  change  into  N2  and  small 
amounts  of  NFI3  at  the  anode.  Finally,  N2  and  NH,  are 
discharged  from  the  anode  outlet.  Therefore,  nitrogen 
compounds  do  not  accumulate  in  the  cell,  and  the  high 
removal  ratio  of  NO,  is  maintained.  Moreover,  the 
generation  of  the  substances,  which  cause  the  increase  in 
internal  resistance,  is  slow,  and  consequently  the  drop  of 
the  cell  performance  by  adding  NO,  is  small. 
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4.  Conclusions 
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most  of  the  added  NH3  is  discharged  from  the  anode  outlet. 
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NOv,  the  cause  of  the  increase  in  internal  resistance  is 
the  production  of  low  conductive  substances,  which 
disintegrate  in  clean  gas  conditions. 

3.  NOv  reacts  with  the  carbonate  at  the  cathode  and 
dissolves  into  NOW  and  NO,-  in  the  electrolyte.  NOT 
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